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Abstract—This paper presents an approach of direct liquid jet
impingement cooling of a typical MOSFET power module. A single
micro water jet was installed for cooling the upper surface of a
MOSFET semiconductor package. In contrast to standard cooling
methods, this approach focuses on hot spot removal omitting any
kind of heat spreading device. The cooling chamber was directly
soldered to the MOSFET cover that represents a very efficient way
of liquid cooling. Two different configurations with and without
electrical insulation (TIM) were used to investigate the importance
of insulating material. In the range of 10-100 mL/min coolant flow
rates at an inlet temperature of 22.5 °C a maximum power distribu-
tion of 51 W (at 30 mL/min) next to a maximum measured MOSFET
temperature of 163 °C could be realized. Heat transfer coefficients
up to 12 000 W/m? - K were achieved using only 10.8 cm® of assem-
bly space for the cooling device. With electrical insulation, the heat
transfer coefficient exceeded 6000 W/m? - K at a coolant flow rate of
30 mL/min and pumping power of 3 mW. The results illustrate the
potential of direct liquid cooling using impinging microjets in com-
bination with a compact injection chamber. The individual cooling
of semiconductors offers new perspectives in the design of power
electronic modules.

Index Terms—Liquid cooling, power electronics, submerged jet
impingement, thermal resistance.

NOMENCLATURE
DBC Direct bonded copper.
CFD Computational fluid dynamics.
GaN Gallium nitrite.
IGBT Insulated-gate bipolar transistor.
JBS Junction barrier Schottky.
MOSFET  Metal-oxide—semiconductor field-effect
transistor.
PCB Printed circuit board.
SiC Silicon carbide.
TIM Thermal interface material.
Anr Water covered surface area (mm?).
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D Nozzle diameter (mm).

H Nozzle height (mm).

Ips Drain-to-source current (A).

Ly Nozzle length (mm).

P Pumping power (mW).

ch Electrical power (W).

Radapter Thermal resistance of the adapter plate
(cm?- K/W).

Ryt Thermal resistance of the jet impingement
(cm?- K/W).

Rijet+ Adapter  Thermal resistance of the jet impingement and
adapter plate (cm?- K/W).

t Time (s).

h; Inlet temperature (°).

T MOSFET temperature (°).

Ups Drain-to-source voltage (V).

Ucs Gate-to-source voltage (V).

1% Coolant volume flow rate (mL/min).

a Spatially averaged heat transfer coefficient
(W/m?- K).

QJet Heat transfer coefficient of the jet impingement
(W/m?- K).

OBrass Layer thickness of the adapter plate (brass) (mm).

Onsulation  Layer thickness of the electrical insulation (mm).

Ap Pressure difference (mm).

ABrass Heat conductivity of brass (W/m- K).

Ac Heat conductivity of the coolant (water) (W/m- K).

Ansulation ~ Heat conductivity of the electrical insulation
(W/m- K).

v Kinematic viscosity.

Re Reynolds number (—).

Nu Average Nusselt number (—).

Pr Prandtl number (—).

I. INTRODUCTION

OWER electronics have proven to fulfill the rising

demands on control, energy efficiency, and reliability in an
increasing number of applications throughout the last decade.
For future electronic application it is assumed that all electronic
power will be controlled by at least one power electronic de-
vice [1]. In power electronic applications, power loss caused by
switching and conduction losses leads to extensive heat gener-
ation confined to small areas. This heat needs to be removed
by adequately designed heat sinks. Heat sinks have to provide a
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sufficient surface area for convection, radiation, and conduction
as well as take into account steady state as well as transient
operating conditions. Heat sink designs focus on extensive heat
spreading. In common cooling applications, heat is dissipated
by conduction through base plate and heat spreader, followed
by convective heat transfer via the coolant (air, water, or oil).
Especially in transient operating conditions reducing the inter-
nal thermal resistance of a heat sink moderates the intensity of
peak heat fluxes [1].

Considering the increasing power density in contrast to
weight and space reduction of power electronic modules com-
pact and highly efficient cooling has become mandatory. As an
example, automotive powertrain systems include power densi-
ties of transistor packages with MOSFET, such as dc/dc convert-
ers, that already approach heat fluxes up to 300 W/cm? [2].

A. State-of-the-Art Systems and Future Challenges

Today’s power electronic and semiconductor devices as well
as the future trends are reviewed by Benda [3] and Vobecky
[4]. By focusing on fundamental physical limits, these works
discuss the most important power semiconductor devices and
possible future application. The authors point out that standard
electronics, in general, and high-power electronics, in particu-
lar, will utilize silicon switching devices. While for the voltage
range of 1-3 kV IGBT may remain the most important switch-
ing devices the voltage range below 330 V may be dominated
by power MOSFETs. Power electronic modules using IGBTs,
especially in combination with SiC or GaN Schottky or JBS
diodes, can handle higher junction temperatures. However, the
operating temperature of power electronic modules and its semi-
conductors should not exceed the critical temperature level for
save operations of 175 °C [5].

Today’s commonly used cooling solutions are listed as
follows:

1) air-cooled heat sinks (natural and forced convection);

2) liquid cold plates (single and double-sided cooling);

3) microchannel coolers;

a) liquid coolers built into the base plate;
b) liquid coolers integrated within the DBC substrate;

4) direct contact liquid cooling of the module base plates or

DBC substrate;

5) jet impingement cooling of the module base plates;

6) two-phase liquid cold plates (phase change of a dielectric

refrigerant coolant at constant temperature).

Especially in the automotive sector, additional requirements
for power electronic cooling have to be taken into account. In
hybrid cars, e.g., compact packaging and cost limits, as well as
the interconnection of peripheral components such as installed
cooling cycles have to be considered. This results from the fact
that the temperature of the supplied coolant is in the order of
90 °C. Here, the difference between inlet and outlet temperature
of the power electronic cooling system has to be sufficiently low
to prevent from coolant boiling. Schulz-Harder [6] and Saums
[7] have provided a summary on state-of-the-art cooling solu-
tions for power electronic modules in automotive applications
focused on thermal management.
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Deeper insights into these challenges of power modules’ ther-
mal management are presented in Leslie [8]. In addition to the
high coolant temperature level the temperature difference be-
tween the die (e.g., IGBT or MOSFET) and the coolant should
not exceed 30 °C. This ensures high-dissipating heat fluxes
whereas the IGBT or MOSFET is held below the maximum op-
erating temperature.

Besides temperature range, the required coolant pumping
power should be considered. Pumping power, represented by
the pressure drop of the heat sinks, is an important indicator
of the efficiency of the cooling device. Leslie [8] compared
two different cooling concepts: pin fin and microchannel cool-
ing. The author specifically points out the difference of two
common flow arrangements (parallel or normal to the heat gen-
eration surface) regarding the subsequent pressure drop and
cooling performance. Contrary to parallel flow concepts, nor-
mal flow heat sinks that are associated with lower pressure drops
often necessitate short flow passages. This highlights that high-
performance cooling concepts also depend on a small pressure
drop and low thermal resistance in the heat flow path.

A promising approach to a compact and highly efficient cool-
ing system is represented by microchannel cold plates, such as,
e.g., presented by Valenzuela and colleagues [9]. Microchannel
cold plate designs focus on the integration of a normal flow
configuration into an IGBT module and eliminate the necessity
of a heat spreader and TIM. Instead, the microchannel cooler is
directly soldered to the direct copper bonded (DCB) device. It is
thus characterized by very low thermal resistance and moderate
pressure drop. Using a microchannel cold plate cooler results in
very high heat dissipation rates (300 W/cm?) with a tempera-
ture difference below 50 °C. This illustrates the high potential
of normal flow configurations in combination with the reduction
of thermal resistance.

A thermohydraulic comparison of two liquid cooling devices
under real application conditions is given by Robinson [1]. This
work contrasted the performances of jet arrays and microchan-
nels. Furthermore, the required pumping power for a desired
heat removal rate was considered to illustrate the possible op-
erating costs of each approach. Both cooling devices have to
dissipate a heat flux of 250 W/cm? while the temperature of the
power electronics (heated surface) is kept below a temperature
of 85 °C. The analysis focused on heat transfer coefficients, pres-
sure drop, and pumping power of both cooling strategies. Pump-
ing power was limited to 0.1 W, which restricted the maximum
flow rate and, accordingly, the pressure drop. The flow rates of
both cooling strategies were adjusted to dissipate the mentioned
heat flux and the hydraulic diameter of the microchannels, as
well as the configuration of the jet arrays (number of jets and
distances among them), were optimized.

Robinson [1] could show that microchannel coolers, which
are known for high pressure drops, have to be operated at
small coolant flow rates to meet the restrictions of low pumping
power. Performance levels of the microchannels indicate that the
heat transfer coefficient is strongly influenced by channel width
and that it decreases with the hydraulic diameter. Raising the
flow rate through microchannels will increase heat transfer but
also pressure drop and, therefore, pumping power. In contrast,
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impinging jet coolers can achieve high coolant flow rates due
to their lower pressure drop. Here, the heat transfer coefficient
also increases with flow rate. In addition, for fixed nozzle di-
ameters and a constant total flow rate the heat transfer coeffi-
cient decreases with a larger number of jets. In contrast to a
worse heat transfer coefficient, a large number of impinging
jets decreases the pressure drop and, thus, the required pumping
power. Concluding, under comparable operating conditions, the
heat transfer coefficient of impinging jets is significantly higher
compared to microchannel coolers [1].

Highlighting the challenges concerning reliability and main-
tenance in the automotive sector Robinson [1] further states that
lower operating pressure decreases the risk of leakage. At the
same time, high flow rates lead to a more uniform temperature
across the cooled surface of the electronic component. Valen-
zuela and colleagues [9] anticipated that power devices using
SiC or GaN semiconductor technologies, operated at higher
switching frequencies and currents, will exceed heat generation
rates of 500 W/cm? and further improvements of the cooling
concepts are required.

In order to overcome the theoretical maximum heat removal
rate of liquid coolants phase changing concepts can provide a
possible solution. One promising cooling concept is presented
by Levett and colleagues [10]. The authors reviewed experi-
mental results of IGBT modules equipped with a cold plate and
a vaporizable dielectric fluid. The results show that the main
cooling effect is based on the liquid-to-gas phase change of
common refrigerant such as R134-A. As long as the two-phase
fluid runs liquid through the cold plate, the temperature level
stays close to the refrigerant boiling temperature. At a flow rate
of 350 mL/min a power distribution of 1 kW is achievable.
Thus, low flow rates, small pumps, and reduced diameter tubes
can be used. However, as a disadvantage in contrast to typical
coolant concepts, such a phase change cooling concept includes
the usage of a greenhouse gas (R134-A).

B. Submerged Impinging Jet Cooling Concepts

Over the last decades, impinging jet cooling has been ex-
tensively studied. Focusing on single-phase liquid jets, these
studies have provided a wide range of experimental, theoretical,
and numerical analyses of different impinging jet configurations
[11]-[13]. The investigations range from single submerged jets
[14], to multiple submerged jets [15], and impinging jet cooling
of electronic modules [16].

The wide range of impinging jet configurations and their
cooling performance in real applications is presented by the
following studies.

A performance investigation of a submerged single-phase
direct liquid-jet-impingement cold plate using a large number
of impinging jet nozzles and water as a coolant is given by
Brunschwiler and colleagues [17]. For nozzle diameters be-
tween 25 and 126-pm pressure drop, heat transfer coefficient,
and heat removal rates were investigated feeding up to 50 000
nozzles cooling a chip area of 400 mm?. The results show
that a maximum heat transfer coefficient of 87 000 W/m?-
K could be achieved using a nozzle diameter of 43 ym and
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requiring a coolant flow rate of 2.5 L/min. The small dimen-
sions of the treelike manifold and inlet nozzles cause a pres-
sure drop of 0.35 bar. In summary, the authors demonstrate
an impressive cooling performance, however, at a cost of high
pressure drop.

A reliability and performance study on an impinging jet heat
exchanger design using water-ethylene glycol (mixture by vol-
ume: 50%-50%) is presented by Narumanchi and colleagues
[18]. Within the context of a commercially used inverter for
electric vehicle applications a channel flow-based cold plate is
compared to an impinging jet heat sink. Based on experimental
and numerical investigations, the results show that in compa-
rable coolant flow ranges (approximately 10 L/min) the ther-
mal resistance of the impinging jet configuration is 34% lower
compared to the channel flow-based cold plate, the tempera-
ture uniformity significantly decreases, and the specific power
increases by 82%. Further improvements are achieved using
a microfinned base plate for the impinging jet cooling (34%
in thermal resistance, 0.15 °C of temperature uniformity, and
118% in specific power). After 6 month contentious reliability
testing no significant regression of the thermal performance of
the impinging jet heat exchange, with and without microfins,
is reported. Apart from supporting the superiority of impinging
jets’ cooling performance, the results also support the durability
of heat sinks using liquid impinging jets.

Common problems of jet arrays are the interaction of sur-
rounding nozzles with the impingement as well as coolant
cross flows. Depending on the position of the outlet nozzles
coolant cross flow perpendicular to the impingement direction
can redirect the impinging jets in downstream direction. Both
effects, jet interaction and cross flow, can inhibit fully developed
wall jets and, thus, decrease the heat removal rate of the imping-
ing jet heat sink. In their study, Han and colleagues [19] present
a hybrid microcooler, which combines microjet array impinge-
ment with microtrenches for drainage. These microtrenches are
used to achieve fully developed impinging jets for all individual
nozzles. The hybrid microcooler is fabricated by bonding two
silicone plates together and etching processes. The nozzles have
a diameter of 100 © m and the microtrenches have a width of
150 pm. Overall, more than 300 nozzles and 180 trenches are
implemented into the heat sink for cooling an area of around
50 mm?. For a coolant flow rate of 300 mL/min a pumping
power of 0.05 W is required to achieve heat transfer coefficients
in the range of 13 000 W/m?- K. In conclusion, the authors can
demonstrate that the heat transfer performance of the impinging
jets can be improved by the use of microtrenches, and by this,
the amount of nozzles can be reduced.

Finally, Gould and colleagues [20] present a high heat flux
jet impingement cooled heat exchanger designed for harsh
operating environment (e.g., underhood installation in heavy
duty electrified vehicles). The heat exchanger was applied to a
600 V/50A silicon (SiC) power module and optimized by experi-
mental studies. The authors compared the impinging jet cooling
heat sink with two commercial heat sinks (liquid-cooled heat
sink with meandering copper tube and microchannel cooler).
Using a mixture of water-ethylene (50%—-50%) as coolant, a
flow rate of 195 mL/min and device junction temperature limit
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of 175 °C the commercial heat sinks proofs to be insufficient. In
a worst case scenario with 151 W heat load the junction temper-
ature increases up to 290 °C for the copper tube heat sink and
up to 215 °C for the microchannel heat sink. The optimized im-
pinging jet heat sink reduces the junction temperature to 169 °C
using the same coolant flow rate. The results in pressure drop
and heat removal rate indicate that the best cooling performance
can be achieved by one jet per heat source. With an operation
time of up to 50 h, this work highlights the long-term reliability
of impinging jet heat sinks. It can further be stated that heat
removal rates beyond 350 W/m? can be realized, even in harsh
environments.

C. TIM and Direct Cooling

Regardless of the employed cooling concept internal ther-
mal resistance of the semiconductor and the TIM becomes a
dominating obstacle in improving overall cooling performance.
Narumanchi and colleagues [21] have stated TIMs to be even
the main bottleneck to realize high heat flow rates from an IGBT
or MOSFET into the coolant. In the automotive sector, a compact
design of a power electronic module relies on the each compo-
nent’s performance. Especially for the three main components,
heat spreader, heat exchanger (microchannel or impinging jet
cooler), and TIM, the main performance measures consist of
their reliability, high heat removal performance, and cost effi-
ciency. Therefore, the reduction of the TIM thermal resistance
is a promising approach to achieve these goals.

Taking into account numerous limiting conditions, e.g., a
maximum coolant temperature of 105 °C and the temperature
limitations of the device, Narumanchi and colleagues [21] inves-
tigated different electronic devices (conventional silicon-based,
SiC-based, and IGBT) in combination with several TIM ma-
terials and thicknesses. The results of this study show that the
thermal resistance of the investigated materials achieves a mini-
mal value of 0.33 cm?- K/W. The thicknesses of the tested TIM
layers (bond-line thickness) are 100 p/m or thinner. In contrast to
heat spreader, base plate, or heat sink, any of the thin TIM layers
significantly increases the overall thermal resistance. Thus, for
extremely compact and high performance power electronics the
usage of any kind of TIM should be avoided.

Direct cooling of a power electronic modules fulfills this
requirement. The cooling fluid is guided directly inside the base-
plate of the module. Compared to the systems discussed above,
direct cooling reduces the distance between heat generation lo-
cation and dissipating surface. Thus, thermal resistance can be
reduced and efficiency is increased. This is supported by the
results of Schulz-Harder and colleagues [22], who focus on the
benefits of replacing a standard air-cooled heat sink with TIM
by a liquid-cooled base plate and jet impingement cooling. The
results illustrate the negative influence of the TIM on overall
thermal resistance, as well as the heat sink performances. The
authors conclude that changing from air cooling to direct lig-
uid cooling leads to significant reduction of thermal resistance
between the semiconductor and the coolant.

Despite the obvious disadvantages caused by TIMs, their us-
age cannot be avoided if a water-based coolant is used and
electrical insulation is required. However, new technologies and
materials enable certain improvements of TIMs.
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Engelmann and colleagues [23] focus on the experimental in-
vestigation of thermal resistances under real application condi-
tions. This study includes solid materials (e.g., Alo O3 ceramic),
elastomeric materials (e.g., Gap PAD 1500) as well as thermal
greases (e.g., Akasa Silver Compound 450). The used test setup
consisted of a surface mounted MOSFET pressed on a heat sink.
The applied MOSFET was a DirectFET (L8 package).

The results of this study show that elastomeric TIMs lead
to thermal resistances below 10 K/W, while solid TIMs (e.g.,
Al-oxide) provide further reduction of the thermal resistance.
The best results (below 5 K/W) are achieved with the combi-
nation of solid TIMs with thermal greases and phase-changing
materials.

Furthermore, the authors highlight the influence of the me-
chanical boundaries as a limiting factor to the heat removal rate
of a heat sink. The measurements of the pressure distribution
on the DirectFETSs of a dc/dc converter pressed against a planar
aluminum heat sink indicate nonhomogeneous heat conductivity
between the DirectFET and the planar base plate of the heat sink.
This poses an additional caveat that has to be considered when
all semiconductors of a power electronic module are cooled by
one base plate.

In summary, pumping power, pressure drop, and total ther-
mal resistance are key characteristics when designing an ef-
ficient and compact power electronic cooling device. Related
to the pumping power, small coolant flow rates in combination
with low pressure drops result in small power consumptions and
high efficiencies. Low thermal resistance can be realized by in-
creasing corresponding heat transfer coefficients and removing
material layers in the heat flow path. Overall, a designer of a
power module and its cooling device has to take into account
several tradeoffs when selecting an adequate heat sink: the type
of coolant and coolant flow rate, pressure drop and thermal re-
sistivity, compact size, and low weight, as well as the cost and
reliability [8].

D. Direct Single Impinging Jet Cooling

Common impinging jet concepts, such as those presented in
Section I-B use a large number of small and short orifice-type
nozzles to generate jet impingement. A high number of nozzles
and small diameters come along with disadvantages, such as
high production efforts and challenging technologies for the
manufacturing and maintenance. As new contribution to direct
liquid jet cooling, the present study uses one single nozzle with
larger diameter. Hereby, the design of the injection manifold is
simplified and the size of the heat sink is reduced.

Furthermore, the study applies one long tube nozzle, offering
benefits regarding hot spot removal and heat transfer rates. As
shown before by our group, the velocity profile has a significant
influence on local Nusselt number in the stagnation region of
the impinging jet [24]. For the same Reynolds number (identical
flow rate), a parabolic velocity profile emerging from the cooling
nozzle exhibits a much higher capability for heat removal than a
uniform velocity profile. While long tube nozzles offer enough
hydraulic length to form a fully developed velocity profile of
parabolic shape orifice-type nozzles induce uniform velocity
profiles.
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Fig. 1. Left picture shows the DirectFET Power MOSFET package mounted
on a PCB. The right panel displays a schematic cross section of the DirectFET
package equipped with a standard plate cooler and TIM.

Instead of mounting a PCB on the cooled base plate, heat
spreader, and heat sink, a single MOSFET semiconductor is cooled
by a directly attached single cooling chamber. This sets way for
new possibilities in the design and layout of power electronic
modules due to the separate cooling of each MOSFET. Fig. 1
illustrates the experimental setup.

The MOSFET, used as switching device of a dc—dc converter,
is mounted as DirectFET Power MOSFET package [25] on a PCB
and is cooled by a common cold plate. Fig. 1 left panel illus-
trates the aluminum metal cover of the DirectFET package as
well as its dimensions. Fig. 1 right panel illustrates the cross
section of the DirectFET package equipped the plate cooler.
The DirectFET consists of bottom connections for the gate and
source supply, diode, and MOSFET in the center and drain via
the top cover. The package height is below 0.5 mm. The stan-
dard heat sink for this application consists of a liquid-cooled
heat sink with meandering copper tube, comparable to the heat
sink investigated in [20]. It consists of a cooper base plate
(heat spreader) and tube for the coolant flow. The heat sink
is pressed against the MOSFETs of the converter with TIM in
between.

The study presents first results on the heat dissipation perfor-
mance of this approach. Taking into account the challenges for
a compact, reliable, and highly efficient heat sink the presented
cooling device is attached directly to the MOSFET top cover,
thereby meeting the demands stated by Brunschwiler and col-
leagues [17] who have suggested this low-temperature bonding
process. The setup further uses single microjets, well-known for
high heat transfer coefficients. This setup offers the opportunity
to minimize the travel path length of the heat and, thus, ends up
in extremely compact chamber housing.

As illustrated in the cross sections of Fig. 2, the study includes
two different test setups. The setup that is electrically noninsu-
lated (Case A) is used to determine the upper limits of the pre-
sented impinging jet cooling device. As the coolant is in direct
contact with the top cover of the MOSFET, the thermal resistance
of the heat sink only depends on the heat transfer coefficient.
The second setup (Case B) is equipped with an insulation layer
and mounting adapter to guarantee electrical insulation between
the cooling cycle and the power electronic module.

The remainder of this article is structured as follows:
Section II outlines the concept of direct liquid jet cooling in the
experimental setup. Section III provides a detailed insight into
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Fig. 2. Cross section of the two investigated cases, differing in the mounting
to the MOSFET. Case A (left side): Thin wall chamber housing directly soldered
to the MOSEET top surface. Electrical conduction between MOSFET drain and
coolant. Case B (right side): Thick wall chamber housing (due to fixing screws)
including an electrical insulation layer, mounted on top of a housing adapter.
This adapter is soldered to the top surface of the MOSFET. In this case, there is
no electrical conduction between MOSFET drain and coolant.

the phenomena taking place on the MOSFET surface and inside
the cooling chamber; the focus here is on fluid dynamics and heat
transfer analysis. Section IV consists of six sections. First, in-
frared measurements of the MOSFET top cover during the heating
phase are discussed, illustrating the spatial heat generation of the
MOSFET. The second and third sections address the influences of
nozzle length on pressure drop, pumping power, and heat trans-
fer coefficient. In addition, the electrically noninsulated (Case
A) and electrically insulated (Case B) setups are compared re-
garding their heat transfer performance. Nusselt correlations for
both setups are presented in comparison to fundamental research
results on impinging jets. Furthermore, a detailed insight into
the thermal resistance of the two setups highlights the drawback
of the additionally used electrical insulation layer. Section IV
presents a failure scenario, in which a break-down of the coolant
supply is examined. It highlights the thermal response in case of
potential shutdown of the coolant flow. Section IV-F evaluates
the efficiency of the impinging jet cooling approach and com-
pares the required pumping power to the achieved heat transfer
coefficient. Section V concludes the study.

II. EXPERIMENTAL SETUP

The experimental setups used to examine the effect of di-
rect liquid cooling of a MOSFET (DirectFET [25]) is shown in
Figs. 3-6.

The core unit consists of a 12 mm x 10 mm cooling cham-
ber, which is 9 mm in height (shown in Fig. 3). The chamber
itself is made of brass, and comprises a chamber housing and a
separate top cover (both connected to each other by four remov-
able screws). The MOSFET and chamber housing were brazed
jointly in one single step onto the PCB in a brazing furnace.
The advantage of this manufacturing process is that the elec-
trical contacts will not be affected due to a second brazing
stage. Furthermore, the material connection is water-proof and
allows for small unit size. The separate top cover of the cooling
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CASE A

inlet

bt

outlet

outlet
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Fig. 3. Left picture depicts the electrically noninsulated cooling chamber
(Case A), comprising injection and outlet nozzles, as well as electrical connec-
tion. The right picture shows the inside of the cooling chamber and the top cover
of the MOSFET. This setup was used for the IR-thermography measurements.

chamber contains three holes with a diameter of 0.9 mm each.
The center hole is used for cooling supply through a Ly = 12
mm or Ly =24 mm long cooling nozzle. The inner diameter of
all nozzles is D = 0.6 mm. The inlet heightis H = 3 mm above
the heat transferring surface (DirectFET top cover (CASE A)
or cooling chamber bottom surface (CASE B)). The shape and
length of the cooling nozzle influences the emerging velocity
profile of the cooling liquid and, hence, the local heat transfer.
To remove the cooling liquid from the chamber the two addi-
tional holes include short outlet pipes of same diameter, but at
a length of 10 mm. The prototype cooling nozzles were taken
from dental medical supplies and have large connectors (yellow
plastic), allowing for a simple connection to a flexible hose sys-
tem. The nozzles are glued to cooling chamber cover. In real-life
applications, these connectors can be of much smaller size. The
electrically noninsulated setup (Case A) was used to determine
the influence of the jet impingement parameters regarding the
cooling performance of the device. To exclude convective and
conductive heat dissipation to the surroundings, i.e., through the
PCB and chamber housing outer surface, the entire experimen-
tal setup is thermally insulated. Thus, the cooling performance
is determined only of the direct impinging jet cooling. This
procedure is employed in both test cases.

The electrically insulated setup (Case B) is shown in Fig. 4. To
ensure a certain proximity to real-life applications, the second
setup includes a layer of electrical insulation. Therefore, the
chamber housing could not be directly soldered onto the MOSFET
top cover. Instead of the chamber housing, a housing adapter was
placed on top of the MOSFET and brazed jointly to each other in
the soldering furnace. This procedure enables preassembling of
MOSFET + PCB + adapter. Also, the entire cooling cycle (piping,
chamber housing, etc.) can be assembled separately from the
electrical devices. Because it holds additional plastic mounting
screws the size of the chamber housing slightly increased. Due to
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Fig. 4. Pictures of the investigated injection chamber housing, additionally
equipped with an adapter plate (Case B), electrical insulation (TIM), and slightly
changed housing outline. The left picture depicts the housing adapter soldered
onto the MOSFET, the right picture illustrates the completely mounted single jet
cooling chamber.

high thermal conductivity and insufficient thickness the thermal
resistance of the soldering layer is negligible.

The pre-assembled MOSFET, PCB, and housing adapter are
shown in the left picture of Fig. 4. The completely mounted
cooling device is presented in the right picture. In between the
housing adapter and chamber housing a thin layer of the elec-
trical insulation pad (Gap PAD [26]) is visible. The thickness
of the insulation pad consists of approximately 200 pm. Taking
into account its thermal conductivity of 5 W/m- K the effective
heat transfer coefficient is approximately 2.5 W/cm?- K. Com-
pared to the thermal conductivity of the brass (around 120 W/m-
K) and the aspired goal of 300 W/cm? dissipated heat fluxes the
additional insulation pad with its low heat transfer coefficient
was expected to significantly contribute to the thermal resistance
of the cooling device.

The two different test cases (Case A and Case B) allow for
a separation of the aspects attributed to the impinging jet heat
transfer from the aspects related to TIM and heat spreading.
To compare the results of the electrically noninsulated setup
(Case A) to the electrically insulated setup (Case B) the in-
ner design of both cooling chambers is identical (top cover
as well as nozzles positions are identical). Thus, the flow and
convective heat transfer characteristics of both test setups are
equivalent.

Fig. 5 provides an overview of the main elements of the cool-
ing system. Fed by the inlet manifold, the coolant leaves the
center nozzle perpendicular to the MOSFET surface and impinges
at the center of the planar aluminum top cover. It then rebounds
sideways and accelerates along the surface. The MOSFET gener-
ates heat, which is removed by the wall jet. Thus, the coolant
flow heats up along the bottom of the cooling chamber and is
redirected upward by the chamber wall. Besides the convective
heat transfer on the lower surface an additional cooling effect
could be represented by heat loss via the chamber walls and top
cover. Also, mixing of the hot rebounded coolant and the re-
maining fluid inside the cooling chamber can occur. Finally, the
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Fig. 5. Schematic display of the investigated injection chamber for direct
impinging jet cooling as well as dimensions and electrical connections. The
heat loss of the MOSFET is directly dissipated by the impinging jet.
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Fig. 6. Schematic display of the cooling circuit, measurement, and electrical
setup. Both cooling chamber setups (with and without electrical insulation) were
supplied by this experimental periphery.

coolant exits through the outlet nozzles. For both nozzle lengths
(12 mm and 24 mm), the distance between the injection nozzle
and the heat dissipating surface (height) is 4 mm.

The entire cooling circuit is presented in Fig. 6 and con-
sists of a reservoir for liquid storage, from which the liquid
is pumped (adjustable gear pump Gather Industrie PM8060)
through a filter, a preheater (HAAKE AC 200), and a flow meter
(PKP DTHOS) to the cooling chamber. Special attention was
paid to highly accurate flow rate measurements, for which a
calorimetric flow meter was employed. The coolant flow rate is
adjusted by a high precision valve. Based on liquid flow rate v,
nozzle diameter D and kinematic viscosity of the fluid v, the
dimensionless Reynolds number is given by

V.-D

Re=
c=D2.

ey

=

For future applications, the temperature levels of the inlet
and outlet coolants are of great interest. Especially for a series
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Fig. 7. Typical on-resistance versus gate voltage of the investigated MOSFET
[25] for a drain-to-source current of Ip = 96 A and junction temperatures of
Tj = 25-125 °C. The scope of experiments is highlighted by the gray-shaded
area.

connection of several cooling chambers the temperature differ-
ence across one cooling device needs to be determined. Im-
mediately prior and after the cooling chamber inlet and outlet
temperatures are measured using a Type-K thermocouple. The
temperature of the MOSFET is measured at the bottom surface of
the semiconductor. A probe hole was drilled through the PCB
base plate and the tip of thermocouple is pushed from below
against the MOSFET surface. The electrical circuit comprises of
an adjustable power source (current controlled) that imposes a
defined gate-to-source current. The electric power input of the
MOSFET is given by

Qo1 = Ups - Ins )

whereby the drain-to-source voltage Upg and the respective
current Ipg are continuously monitored during the experimen-
tal runs. A second power source is applied to control the gate
voltage of the MOSFET, which allows for a precise regulation
of the electrical loss of the MOSFET. The relation between the
electrical resistance and the gate-to-source voltage for different
temperatures is shown in Fig. 7.

The applicable voltage level of the cooling approach is re-
stricted by the electrical insulation. Since in Case A the coolant
(water) is in direct contact with the drain of the DirectFET
package the applicable voltage level depends on the electrical
conductivity of the coolant. In Case B, the applicable voltage
level depends on the electrical conductivity of the TIM. The used
Gap PAD [26] has a dielectric breakdown voltage of 5000 V.
For the experimental investigations, the drain-to-source voltage
Upg did not exceed 30 V.

III. FLUID DYNAMICS AND HEAT TRANSFER CHARACTERISTICS

This study focuses on the investigation of a small-scale and
compact cooling device of a single MOSFET semiconductor. The
heat generating area and, thus, the surface for the convective
heat transfer is extremely small. The water-covered surface area
Ay is confined to the bottom surface of the cooling chamber.
For the first test setup (Case A), it is equal to the water-covered
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area of the MOSFET top surface (right picture of Fig. 3), with a
value of 40 mm?. To provide a reasonable comparison of the two
test setups, the water covered surface area A;; for the second
setup was defined the same way and, thus, features the same
value. The dissipated heat is defined by the power loss of the
MOSFET, induced by low gate-to-source voltages Ugs. The gate-
to-source voltage ranges between 4.58 and 4.74 V, leading to
sensitive changes in resistance as given in Fig. 7. The heat loss of
the MOSFET is presented by the electrical power density Qe1,as2
function of the drain-to-source current /g and drain-to-source
voltage Ups.

Based on the temperature of the MOSFET, the water covered
surface Ay, the electric power density Qel, and the inlet tem-
perature of the cooling liquid the spatially averaged heat transfer
coefficient is determined by
__Qa
(T —Tw) - An

a = 3)
This heat transfer coefficient can be translated to the dimen-
sionless Nusselt number

-D

Ac
where A« is the thermal conductivity of the cooling liquid. Based
on these equations the performance of the cooling system will
be determined in the following sections. Further analyses of the

fluid dynamics inside the cooling chamber are provided by the
results of the numerical investigations.

Qi

m:

“4)

IV. RESULTS

In the first part of this chapter, the local heat generation of the
investigated type of MOSFET is analyzed using IR-thermography
(see Section I'V-A). In Section I'V-B, the pressure drop and re-
quired pumping power are discussed based on numerical simu-
lation results of the respective cooling system. In Section IV-C,
the heat transfer characteristics of the respective chamber setup
(Case A and B) are discussed and Nusselt number correlations
are presented.

In Section IV-E, a shutdown scenario of the cooling cycle
illustrates the failure behavior of the cooling device. Finally,
Section IV-F evaluates the cooling efficiency, highlighting the
heat removal drawback of the TIM.

A. Local Heat Generation of the MOSFET

In the design process of the cooling system heat generation
of the MOSFET (DirectFET) was analyzed by IR-thermography.
The MOSFET package (see Fig. 1) including the chamber housing
of the first test setup (electrically noninsulated, Case A) was
placed in front of an IR-thermography camera (Infra Tec Image
IR5325), as shown in Fig. 3 (right picture). Connected to a power
supply and gate voltage the IR-images of the MOSFET top cover
surface were recorded during the early heat up (time span of
0.5 s after initiation). Results of the IR-measurements are shown
in Fig. 8. The MOSFET was operated on a low gate-to-source
voltage of V5g = 4.58 V. A drain-to-source current of Ipg =
1 A was applied together with a nonpowered MOSFET while
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Fig. 8.  Distribution of the MOSFET surface temperature change after 0.01 s of
heating. The heat dissipation is caused by the power loss of the semiconductor,
operated on low gate-to-source voltage Vs .
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Fig. 9. Influence of the nozzle length and coolant flow rate on the spatially
averaged heat transfer coefficient of the cooling chamber without electrical
insulation (Case A).

documenting the measurement with an IR-camera. A frame rate
of 300 Hz yielded a temperature difference for the first 0.01 s.
The temperature resolution of the IR-camera was in the order of
10 x 107 K.

The surface temperature of the MOSFET only changes in the
central area, represented by the gray to white spots in Fig. 8.
The central area representing heat generation of the MOSFET is
surrounded by a black colored ring, which indicates a constant
temperature over the observed time frame. Generally, the flow
directions of the generated heat can be vertical, from the hot spot
inside the semiconductor to its surface. Due to the metal cover
of the MOSFET and its high thermal conductivity the heat can
also spread horizontally along the plane cover. The short time
frame of the measurements reduces horizontal heat spreading
and, thus, ensures the detection of hot spots. Based on these
results, the injection nozzle was placed in the center position of
the chamber housing.

Fig. 9 presents the experimental results of the spatially av-
eraged heat transfer coefficient for different nozzle lengths and
volume flow rates. For both nozzle lengths, the heat transfer
coefficient is nearly identical.
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B. Pressure Drop and Pumping Power

The thermohydraulic comparison of Robinson [1] highlights
the tradeoff between pressure drop and volumetric flow rate
in impinging jet applications. High volume flow rates cause
high pressure drops and, thus, increase the required pumping
power. Increasing the outlet velocity leads to higher local and
spatially averaged heat transfer coefficients and, as a result, bet-
ter cooling performance. To determine these competing effects
on the cooling performance of the direct impinging jet cool-
ing the electrically noninsulated setup (Case A) was equipped
with two different nozzle lengths (Ly = 12 mm and Ly =
24 mm). For both nozzles, a flow rate variation was performed
and the dissipated heat was measured. All experiments and nu-
merical investigations were conducted under steady-state condi-
tions, using same coolant and ambiance temperatures. Further-
more, the test setup was thermally insulated to avoid heat loss
to the ambient.

Besides heat transfer characteristics and space requirements
of the cooling method pumping power is an important parameter.
The pumping power P depends on the pressure drop Ap and
the volumetric flow rate V'

P=V-Ap. &)

To estimate the hydrodynamic characteristics numerical sim-
ulations were performed using the commercial CFD tool AN-
SYS Fluent. The domain of the numerical simulations based on
the geometric dimensions of the first test setup included the inlet
and outlet pipes as well as the entire cooling chamber. Not in-
cluded were hydrodynamic losses in the pumping system and of
the hoses (incoming and outgoing liquid). The thermophysical
properties of the fluid used were equal to the coolant property
data at 22.5 °C. The plots in Fig. 10 summarize the numerical
simulation results for a nozzle length of 12 mm and 24 mm and
various volume flow rates.

The evaluation of the results regarding pressure drop and
pumping power highlights the influence of the volume flow
rate. For both nozzle types the pressure drop increases. Pump-
ing power, the product of pressure drop and volume flow rate,
increases even more. Taking into account the moderate increase
of the heat transfer coefficient in the same flow rate range (see
Fig. 9), the cooling system has to be operated with relatively
high pumping power to achieve only small improvements in
cooling performance. Especially the additional pressure drop of
the long nozzle does not lead to significant improvements of the
heat transfer coefficient.

Fulfilling the requests for a compact, reliable, and cost-
effective cooling system the short nozzle (L = 12 mm) offers
the best performance and was chosen for the following investi-
gations. Also, the relatively low coolant flow rate of 30 mL/min
proved adequate cooling performance. Thus, the liquid distri-
bution system can be designed with a very low pressure drop.
For the flow rate of 30 mL/min the pumping power required is
approximately 1 mW, which is low for a spatially averaged heat
transfer coefficient of 9000 W/m?- K.
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Fig.10.  Results of the numerical simulations. Upper panel: Influence of nozzle
length L y and coolant flow rate V on pressure drop Ap. Lower panel: Influence
of nozzle length L and coolant flow rate V on pumping power P. Note: for
both investigated setups (with and without electrical insulation) pressure drop
and pumping power are equal.

C. Heat Transfer Characteristics

Heat transfer characteristics of the two cooling system
(Case A and Case B) are experimentally obtained using the
setup described in Section II.

Fig. 11 depicts the spatially averaged heat transfer coefficient
& in dependence of volume flow rate V and MOSFET temperature
T'y; . Furthermore, the influence of the electrical insulation on
heat transfer is illustrated. For all experimental conditions, the
electric current Ing was adjusted in order to provide a constant
MOSFET temperature during each flow rate variation. The drain-
to-source voltage Vpg adjusts itself according to the MOSFET
resistance, set by the gate-to-source voltage with a value of
Vs = 4.58 V. Consequently, a nozzle length of Ly = 12 mm
was chosen for all subsequent experiments and the test setup
was thermally insulated. The coolant inlet temperature was 71 =
22.5°C.

Represented by the gray line with cross marker, the develop-
ment of the heat transfer coefficient of the electrically noninsu-
lated setup (Case A) starts at a flow rate of V = 10 mL/min with
a value of around & = 4250 W/m?- K, followed by a constant
increase up to 8660 W/m?- K at 25 mL/min. In the range of



JORG e al.: DIRECT SINGLE IMPINGING JET COOLING OF A MOSFET POWER ELECTRONIC MODULE

14,000

CASE A

12,000

10,000

8,000

6,000

4,000

Heat Transfer Coefficient [W/m?K]

2,000
0 20 40 60 80 100 120
Volume Flow [ml/min]

Fig. 11.  Spatially averaged heat transfer coefficient of the electrically non-
insulated (Case A) and electrically insulated cooling chamber (Case B). The
MOSFET was operated with a gate-to-source voltage of Vg = 4.58 V.
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Fig. 12.  Domain of the numerical investigations, as well as symmetry planes
of the coolant inside the cooling chamber and nozzles.

30-100 mL/min the dependency between heat transfer coeffi-
cient and volume flow rate exhibits a square root characteristic.

With additional electrical insulation (Case B), the heat trans-
fer coefficient is significantly lower, as illustrated by the black
curves (for MOSFET temperatures of T, = 50, 70, and 90 °C).
All three curves have the same exponential characteristic with
only minor variations in the absolute value, indicating that the
temperature level does not influence the heat transfer character-
istics. This suggests that forced convection is the dominant heat
transfer mechanism.

Special emphasis should be drawn to the slopes of the curves
in Fig. 11, which change abruptly around V = 25 mL/min.
This inflection point, especially prominent in Case A, indicates
changing physical conditions regarding convective heat transfer
and fluid dynamics in the cooling chamber.

To investigate this aspect further, numerical investigations
were carried out. Fig. 12 illustrates the domain of the CFD
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Fig. 13.  Results of the numerical investigations based on the x,z-symmetry
plane, highlighted green in Fig. 12. Upper panels: fluid and wall jet character-
istics at a coolant flow rate of V = 15 mL/min. Bottom panels: fluid and wall
jet characteristics at a coolant flow rate of V = 60 mL/min. The respective left
panels illustrate the velocity magnitude distributions inside the cooling cham-
ber. The respective right panels (upper and lower row) illustrate the stream lines
of the coolant, beginning at the inlet nozzle.

model. Taking advantage of the symmetric design of the cool-
ing chamber the domain represents one quarter of the liquid
phase. Also, the fluid inside the inlet and outlet nozzles are in-
cluded. The results of the fluid dynamics analyses are presented
in Fig. 13. The results are based on the numerical results at the
x, z-symmetry plane, highlighted by the cross-hatched area in
Fig. 12.

Fig. 13 presents the differences of the fluid dynamics inside
the cooling chamber below and beyond V = 25 mL/min. The
upper plots are based on a coolant flow rate of V =15 mL/min,
the bottom plots on a coolant flow rate of V = 60 mL/min.
To evaluate the influence of the impinging jets and their corre-
sponding wall jets on heat transfer the velocity magnitudes as
well as stream lines are considered.

At a coolant flow rate of V = 15 mL/min the fluid enters
the cooling chamber through the inlet, gets redirected in the
stagnation region (width ~ 0 mm to 0.3 mm), and develops
a wall jet. As indicated by the separately observable stream-
lines the wall jet is of significant thickness. Along the bottom
surface the thickness of the wall jet increases and, finally, turns
toward the outlet nozzle. Taking into account the low fluid veloc-
ity in this area (below 1 m/s), the heat transfer is accordingly low.
Increasing coolant flow rate (higher momentum of the imping-
ing jet) increases the redirected fluid velocity in the stagnation
region. The thickness of the wall jet decreases, but also, the wall
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Fig. 14. Developed correlation of the Nusselt by Reynolds numbers compared
to the experimental measurement data. The MOSFET temperature is adjusted to
Ty = 80°C.

jet area increases. Both effects, increasing the wall jet area as
well as the wall jet velocity, result in a significant heat transfer
improvement and can be obtained up to a the flow rate of V =
25 mL/min.

The bottom plots of Fig. 13 illustrate the wall jet characteris-
tics of coolant flow rates beyond 25 mL/min. The momentum of
the impinging jet is sufficient to establish the wall jet area along
the entire bottom surface and decreases the wall jet thickness.
The streamlines as well as the velocity distribution illustrate that
the wall jet nearly reaches the cooling chamber wall (width =
3.5 mm). In contrast to coolant flow rates below 25 mL/min
increasing the coolant flow rate leads to no further growth of
the wall jet area. Thus, the development of the heat transfer
coefficient beyond 25 mL/min, as observed in Fig. 11, can only
be attributed to the influence of the increasing fluid velocities.

To enable scaling of the experimental results and a transfer
to other cooling applications, Fig. 14 compares the dimension-
less Nusselt number with classical power-law dependencies of
laminar jet impingement. The Nusselt number is proportional to
the Reynolds number by Nu oc Re!/? (for more details on scal-
ing law dependencies see [24]). The equations for the Nusselt
correlations of the first (Nu; = f(Re)) and the second setup
(Nuy = f(Re)), as well as the values of their corresponding
coefficients are

Nuy =a-Re'?+b  a=0.1052 b=5514 (6)

@)

Remarkably good agreement is found for Reynolds number
values above Re = 800. Below this Reynolds number, the Nus-
selt number increases much stronger with Reynolds number,
which may indicate that the jet velocity and momentum are not
sufficient to generate a fully developed wall jet on the surface
of the MOSFET. As such, the area covered by the wall jet in-
creases with Reynolds number and the Nusselt number reveals
a much stronger power-law dependency on Reynolds number.
Note, that critical hot spots may arise if the MOSFET is not suf-
ficiently cooled by the wall jet. Therefore, it is recommended
to operate the liquid jet impingement cooling above Re = 800.

Nus =c-Re'/2+d  ¢=0.0377 d=4.803.
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Fig. 15. Break-down of the thermal resistances for the two test setups; differ-
entiated by their heat transfer mechanism.

For the given property data as well as the inlet nozzle diameter
of D = 0.6 mm, the volume flow rate of V' = 30 mL/min leads
to a Reynolds number of around Re = 940.

D. Thermal Resistance

The reciprocal value of the heat transfer coefficient is the
thermal resistance. This value is a good indicator to quantify
the performance of the cooling device. The experimental inves-
tigations in this study comprise of two setups, with and without
electrical insulation. This approach allows us to differentiate
the thermal resistance of the impinging jet cooling and electri-
cal insulation. For the test setup equipped with the electrical
insulation (Case B) the thermal resistance is given by

RJet+Adapter = RJet + RAdapter- (8)

In this case, the thermal resistance [2jci+Adapter COmMprises the
jet impingement resistance Rj.; and the thermal resistance of
the adapter plate 25 4apier- Both resistances can be determined
by

1 6Brass

— y RAdapter =
O Jet )\Brass

6lnsu1ation
Ryt = (€))

)"Insulation .
The thermal resistance of the jet impingement cooling depends
on the heat transfer coefficient &j.; and, due to this, on the
coolant flow rate V. Thus, the thermal resistance of the electri-
cally noninsulated setup (Case A) can be divided from the heat
transfer measurements. The thermal resistance of the adapter
plate depends on the heat conductivity of the electrical insula-
tion Arpsylation and brass Apyass, as well as their layer thicknesses
(5lnsulation and 5Brass)~

In order to highlight the adverse effects of the electrical insu-
lation on the heat transfer Fig. 15 illustrates the dependency of
thermal resistances on coolant flow rate of the investigated cool-
ing chambers. The thermal resistance of the cooling chamber
equipped with electrical insulation (Case B) is represented by
the black curve with square markers (Jet + Adapter). The ther-
mal resistance characteristic of the cooling chamber without
electrical insulation (Case A) is represented by the gray curve
with diamond markers (Jet). The light gray curve with circle
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markers (Adapter) of Fig. 15 represents their difference. Thus,
the thermal resistance of the adapter can be determined. The
thermal resistance of jet impingement decreases from Rj.; =
2.35 cm?- K/W at a volume flow rate of V = 10 mL/min, down
to Ryt = 0.85 cm?- K/W at a volume flow rate of V =100
mL/min. The curve of the thermal resistance representing the
setup including electrical insulation (Jet + Adapter) reveals the
same characteristic profile, but has higher thermal resistances.
At a volume flow rate of V = 10 mL/min, the thermal resis-
tance decreases from Ryeii adapter = 2.65 cm? K/W down to
Rjct+Adapter = 1.64 cm?- K/W. In contrast to the thermal re-
sistance curves of Cases A and B, the thermal resistance of the
adapter shows no apparent dependency on coolant flow rate.
Except for small volume flow rates (10-25 mL/min) the value
of the adapter thermal resistance is approximately A qapier =
0.58 cm?- K/W. Compared to the jet impingement the addi-
tionally installed electrical insulation (Case B) contributes to
more than 30% on the thermal resistance of the cooling device.
The layer thickness of the adapter plate dp,ass = 0.6 mm and
electrical insulation pad Jppsulation = 0.2 mm, as well as the
corresponding thermal heat conductivities (Ap;ass = 120 W/m-
K and Apguiation = 5 W/m- K) lead to a thermal resistance of
the adapter of Raqapter = 0.45 cm?- K/W. The difference be-
tween the measured and the calculated value of the adapter’s
thermal resistance can be addressed to differences in insulation
thickness, but also to additional nonconsidered resistances (i.e.,
solder between the MOSFET surface and adapter lower surface).
Taking into account the findings for pressure drop and pumping
power (see Section IV-B), the maximum power distribution of
the MOSFET is measured at a coolant flow rate of 30 mL/min.
The required pumping power of 1 mW is low for an average heat
transfer coefficient of 6170 W/m?- K. Limited by the maximum
MOSFET temperature of 163 °C and coolant inlet temperature of
22.5 °C, the maximum measured power distribution was 51 W.
Under these conditions, the MOSFET temperature exceeded the
boiling temperature of the coolant of 100 °C and steam bubbles
were detected at the transparent outlet tubes. The steam bub-
bles collapsed before passing the mounted outlet thermocouples.
This ensured reliable measurements of the thermocouples at the
outlet. Also, steady-state coolant outlet temperatures were mea-
sured. The boiling conditions inside the cooling chamber did
not cause instabilities of the cooling system or semiconductor.
A possible explanation is the impinging liquid jet, which pushes
the steam bubbles out of the cooling chamber.

E. Failure Scenario

The failure scenario is an important aspect in electrical com-
ponent cooling. To evaluate the thermal response of a power
electronic control unit the temporal temperature rise of the MOS-
FET in the case of a coolant supply shutdown is presented. The
MOSFET was operated under steady-state conditions and the inlet
pipe was blocked. Before shutdown, the cooling device was sup-
plied with a constant coolant flow rate of V = 30 mL/min at an
inlet temperature of 71 = 22.0 °C. The electrically insulated sec-
ond setup was chosen because it is the more application-oriented
and it also reflects the worst case scenario. The measurement
result are presented in Fig. 16.
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Fig. 16.  Failure scenario: Shut down of the coolant flow at ¢ = 0 s. Tracking
of the MOSFET temperature at a power distribution of approximately 11.0 W and
an inlet temperature of 77 = 22.0 °C.

The MOSFET temperature was continuously tracked (steady-
state value of Tj; = 67 °C), while the semiconductor was oper-
ated with a power loss of approximately 11.0 W. The results in
Fig. 16 show that the coolant supply shutdown leads to an im-
mediate temperature rise with a gradient of around dT}; /dt =
3 k/s within the first seconds. After approximately ¢t = 25 s,
the MOSFET temperature reaches the maximum value of T, =
97 °C. To prevent any damage of the MOSFET and boiling of the
coolant the power supply was switched OFFat this point.

The square root progress of the temperature curve can be ex-
plained by the thermal inertia of the test setup, but also by the
temperature sensitivity of the MOSFET. With increasing tempera-
ture the ohmic resistance of the MOSFET decreases along with its
heat generation. At the beginning of the coolant shutdown, the
heat generation was 11.0 W; at ¢ = 25 s, the power generation
was reduced to 3.0 W.

Due to the heat capacities of the cooling chamber, the inside
remaining coolant, and the convective heat loss to the ambiance
the temperature rise is moderate. However, the time period of
several seconds, until a significant temperature rise is detected,
is sufficient for an adequate response of a control unit. Under
shutdown conditions steam bubbles cannot be removed. This
may cause pressure rise and thus, damage to the cooling chamber
if the temperature rises above 100 °C. Thus, in order to prevent
boiling of the water inside the cooling chamber the MOSFET was
operated up to a maximum temperature of 7, = 100 °C.

F. Efficiency

To evaluate the efficiency of the impinging jet cooling, Fig. 17
compares the required pumping power to the heat transfer coef-
ficient. In general, the heat removal rate of the cooling depends
on the temperature difference between the coolant inlet temper-
ature and surface temperature, as well as on the heat transfer co-
efficient. In common applications, the coolant inlet temperature
is restricted by the cooling cycle and its conditioning system.
The heat transfer coefficient correlates with the coolant flow
rate, which is determined by the pumping power. Characteriz-
ing the system efficiency by the required pumping power and
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Fig. 17.  Results of the numerical and experimental investigations to evaluate
the efficiency of the impinging jet cooling approaches (of the electrically non-
insulated (Case A) and electrically insulated cooling chamber (Case B)) using
nozzle lengths ranging between 12 and 24 mm. Comparison of the required
pumping power P (numerical results) with respect to the achieved heat transfer
coefficients & (experimental results).

heat transfer coefficient allows for a temperature-independent
evaluation of the cooling performance.

Fig. 17 illustrates the influence of the nozzle length on the
efficiency. In the range of & = 4300 W /m? K to 8600 W /m*-K
the nozzle with alength of Ly = 24 mm requires more pumping
power to achieve the same heat transfer coefficients compared
to the nozzle with a length of 12 mm. Reducing nozzle length
increases the efficiency of the impinging jet cooling approach.
The numerical investigations proved that the nozzle length of
12 mm (with a nozzle diameter of 0.6 mm) is sufficient to
develop parabolic velocity profiles at the inlet. Beyond the heat
transfer coefficient of & = 8600 W/m? - K no efficiency benefits
of the short nozzle can be obtained.

Furthermore, Fig. 17 highlights the efficiency drawback of
the additionally installed electrical insulation (TIM). The re-
quired pumping power of the investigated cases [electrically
noninsulated (Case A) and electrically insulated cooling cham-
ber (Case B)] using the inlet nozzle with a length of Ly = 12
mm is in the same range. Due to the additional thermal resis-
tance of the TIM, the heat transfer coefficients of Case B are
smaller. This leads to a significant reduction of the cooling effi-
ciency in Case B compared to the efficiency of the electrically
noninsulated cooling approach in Case A.

V. CONCLUSION

In this paper, a new approach of direct liquid cooling of a
MOSFET semiconductor with a single impinging jet was pre-
sented. The cooling concept focused on hot spot removal and
the reduction of thermal resistances. The design of the coolant
chamber and the positioning of the nozzle center was based
on IR-thermography measurements of the spatial temperature
distribution of the MOSFET, illustrating the hot spots of the semi-
conductor. Two different concepts, with and without electrical
insulation between the MOSFET and the coolant chamber were
tested. The TIM material with a thickness of merely 200 pm was
found to significantly contribute to the total thermal resistance
(30% and more). Omitting an electrical insulation sets special
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requirements to the cooling liquid. The dimensionless heat trans-
fer coefficient (Nusselt number) was found to increase with flow
rate (or Reynolds number) in two different regimes. For higher
flow rates (1000 < Re < 4000), the classical power-law depen-
dency for laminar jet impingement was found to be well-suited
for the prediction of the cooling performance. For lower flow
rates (Re < 1000), the Nusselt number increased much stronger
with Reynolds number. Besides the experimental analysis of
the heat transfer characteristics the results of numerical simu-
lations provided insights into fluid dynamics and wall jet de-
velopment inside the cooling chamber, as well as its influence
on the heat transfer. Numerical investigations of pressure drop
and pumping power reflected the relatively low energy require-
ments in terms of pumping power to achieve sufficient cooling
performances.

The experimental and numerical investigations of the heat
transfer characteristics and cooling performances illustrate the
potential of direct impinging jet cooling. Even for small coolant
flow rates the cooling concept achieved adequate heat trans-
fer coefficients and heat dissipation rates. The compact design
of the injection chamber and its attachment to the MOSFET top
cover minimize the thermal resistance. To fulfill the require-
ments of future applications further improvements of the heat
transfer coefficient of impinging jets should be achieved. For
example, the number of impinging jets could be increased and
the bottom chamber surface could be equipped with microfins.
Furthermore, lower thermal resistance of the TIM could increase
the heat removal rates of the cooling chamber.

The present cooling approach offers the opportunity of indi-
vidual cooling of heat dissipating components of power elec-
tronic modules, such as MOSFETs or IGBTs. Due to separately
installed cooling chambers, new flexibility in design of PCBs
and DCBs can be realized. Their layout is no longer restricted
by a planar heat sink. Also, nonhomogeneous heat conductivity
between each MOSFET and the heat sink can be avoided. Further-
more, the achieved high heat transfer coefficients allow further
reduction of the coolant flow rate. This leads to higher coolant
outlet temperatures, which offers benefits on the heat removal
of cooling cycle to the ambiance, and thus, offers additional
potential for downsizing.
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